Iron overload increases the risk of diabetes via mechanisms of abnormal glucose metabolism: insulin deficiency, insulin resistance, and/or hepatic dysfunction. Iron reduction upregulates glucose uptake and improves hepatocytes insulin receptor activity. This study was conducted to examine the effects of iron depletion-via controlled phlebotomy-on the hypoglycemic treatment in poorly controlled type 2 diabetes mellitus (T2DM) patients with non-genetic iron overload. Forty three patients with poorly controlled T2DM and iron overload were divided into 2 groups: iron depletion group and control group. Regular phlebotomy was performed for iron depletion group on monthly basis until serum ferritin reached 20 μg/L or less. Both groups were examined and compared for blood pressure, serum ferritin, lipid profile, HFE-gene, HbA1c, HOMA-IR and number of medicines used for diabetic control. The results had revealed that group differences of HbA1c (−2.64, 95% CI −3.23 to 2.04, p < 0.001) and HOMA-IR (−0.68, 95% CI −0.98 to −0.37, p < 0.001) showed significant decreases in iron depletion group at end of study. Significant decrease in the numbers of hypoglycemic medicines in iron depletion group was shown at end of study (p < 0.001); 66.7% of iron depletion group patients were receiving 1 or 2 medicines at end of study versus none of the control group. Diastolic blood pressure (DBP), triglycerides and LDL-C decreased significantly while HDL-C levels showed significant rise after iron depletion. It can be concluded from the present study that iron depletion therapy is beneficial for improving the efficiency of glycemic control, DBP, and dyslipidemia in poorly controlled type 2 diabetics with iron over load.
Introduction
It has long been recognized that iron overload can increase the risk of diabetes mellitus (DM), particularly in overt iron overload states such as hereditary hemochromatosis (HH) and recurrent transfusions in diseases like thalassemia [1] . An increase in dietary iron (as heme) was also suggested to impart diabetes risk, and related to increased hazard for development of gestational diabetes [2] . In contrast, iron deficiency may lower the risk of diabetes [1] .
Iron-induced diabetes is possible to be mediated by three key mechanisms: insulin deficiency, insulin resistance, and/or hepatic dysfunction representing a link between the presence of hepatic iron and development of insulin resistance [3] . One study shows that pre-diabetic HH is associated with lower insulin levels but enhances insulin sensitivity [4] . The typical phenotype of type 2 diabetes mellitus (T2DM) subjects with dietary or transfusional iron overload, however, is of insulin resistance [5] . Nevertheless, one study has implied that insulin secretory defects may appear earlier than insulin resistance [6] . The existence of insulin sensitivity in HH but insulin resistance in transfusional and dietary iron overload can be explained by the different tissues in which the overloaded iron is stored in the conditions of low hepcidin (in HH) compared to high hepcidin (in transfusional and dietary iron overload) [7] . These differences are thought to be mediated by adiponectin, the insulin-sensitizing adipokine secreted by adipocytes. Loss of adipocyte iron export channel, ferroportin, as a result of high hepcidin levels (in transfusional and dietary iron overload), results in adipocyte iron loading, decreased adiponectin, and insulin resistance [8] . Conversely, decreased hepcidin encountered in HH leads to increased ferroportin expression, decreased adipocyte iron, increased adiponectin and improved insulin sensitivity [9] [10] .
Literally, in patients with normal iron levels, the adverse effect of iron on β-cell function seems to be reversible with elimination of iron [5] . It is thought that menstruation is protective for diabetes in premenopausal women and cessation of menses leads to some iron accumulation [11] . It was reported that regular blood donation recovered insulin sensitivity and β-cell function, and even might protect against development of diabetes [12] [13] .
Iron depletion carried out by repetitive phlebotomies, erythrocytapheresis or administration of iron chelators has mitigated metabolic control, coronary artery structure and endothelial dysfunction [14] and the beneficial effects of these procedures on metabolism are thought to arise, principally, from regulating insulin resistance [15] . The effects of phlebotomy, low iron diets, or administering iron chelators were studied in a number of animal models of T2DM. The results showed significant protection from diabetes that was related both to increased insulin secretion and sensitivity, and measures of iron restriction that did not result in iron-deficiency anemia were found sufficient to achieve such effects [16] . Similar results were obtained in relatively small and short-term studies of non-HH subjects either with or without known T2DM [12] . More recently, phlebotomy of 550 -800 ml blood (1 -1.5 units) from individuals with metabolic syndrome (MS) has resulted in lowering blood pressure, fasting glucose, glycohemoglobin (HbA1c), and low-density lipoprotein cholesterol (LDL-C) to high-density lipoprotein cholesterol (HDL-C) ratio within 6 weeks after phlebotomy [17] . This study was conducted to examine the effects of iron depletion therapy-via controlled phlebotomy-on the efficiency of hypoglycemic treatment in poorly controlled T2DM patients with non-genetic iron overload.
Subjects and Methods
• The study was conducted over a 6-month period on 43 subjects who had poorly controlled T2DM and iron overload, and were regular attendees at Ain Shams University hospitals diabetes outpatient clinic, Cairo, Egypt. Adequate explanation of the procedure was done to the participating patients and a written consent was obtained from each subject after the approval of the ethics committee. Poorly controlled T2DM was defined as these patients who have an uninterrupted HbA1C > 8% for ≥1 year despite standard care [18] ; iron-overload was specified as serum ferritin more than 300 μg/L in men and more than 200 μg/L in women according to the EASL international consensus [19] . The participating subjects were divided into 2 groups:
an iron depletion group which included 27 patients (16 males and 11 females; ages: 43.8 ± 10.7 years), and a control group which included 16 patients (9 males and 7 females; ages: 44.3 ± 6.9 years). Exclusion criteria were set as being homozygote for the main HFE-gene mutation associated with genetic hemochromatosis (C282Y) or compound heterozygote for C282Y and H63D mutations, or having conditions affecting ferritin specificity (e.g. acute illness, chronic inflammatory disease, liver disorders, neoplastic disease, alcoholics and chronic hemolytic anemias). During the follow up period, 3 patients of the iron depletion group were missed, one of whom has discontinued after 2 months of treatment after revealing his dissatisfaction about throwing away his blood. Among the control group patients, one patient was also missed during follow up.
• The following was performed to all subjects: 1) Complete history taking to verify disease duration, presence of complications and co-morbid conditions, medication history, and identify preliminarily patients who show any of the rejection criteria. 2) Physical examination, which was done at start and conclusion of the study, included blood pressure measurement (systolic and diastolic blood pressure [SBP and DBP, respectively]), as well as collection of anthropometric data for calculation of body mass index (BMI) using the formula: BMI = bodyweight in kilograms/height in meters squared. Restriction digestion was performed directly in the PCR mixes by addition of 5 U Rsa I (codon 282 reactions) or Bcl I (codon 63 reactions) and incubating for 2 hours at 37˚C and 50˚C, respectively. The products are electrophoresed on a 3% agarose gel. Amplification with the primers for codon 282 produced a PCR product of 390 bp fragment which is digested into 250 and 140 bp fragments in the wild allele but the mutant allele will be digested into 250, 111 and 29 bp. On the other hand, amplification for codon 63 gave a 208 bp product which is digested into 138 and 70 bp fragments in the wild allele while the mutant allele will resist digestion. Primers for Codon 282 of HFE gene:
Primers for Codon 63 of HFE gene: PF (Forward) 5'-ACATGGTTAAGGCCTGTTGC-3', PR (Reverse) 5'-GCCACATCTGGCTTGAAATT-3' 5) Regular phlebotomy was performed for iron depletion group on monthly basis after checking hemoglobin and serum ferritin. It was performed for those with hemoglobin above 12 g/dL and ferritin above 20 μg/L by removing 450 cc of whole blood via phlebotomy which was performed while the patient is reclining for 15 minutes. 6) The study was approved by institutional committee, met the ethics guidelines, and conducted after full explanation to the patients and signing an informed consent.
• Statistical analyses were done using Medcalc Version 14.12.0 -64 bit (Medcalc Software bvba). Analysis of covariance (ANCOVA) was used for testing between-group change effects after Levene's test for equality of error variances and homogeneity of regression slopes. Mann-Whitney test was used for independent samples and/or Wilcoxon test for paired samples. Chi-squared test was used for testing association or distribution. Ranked Spearman correlation test was used for correlation studies. Probability of error (p value) at 0.05 was considered statistically significant.
Results
In the iron depletion group, among those who completed the study, 16 patients had 6 phlebotomies, 3 patients had 5 phlebotomies, and 5 patients had 4 phlebotomies according to the study protocol. Changes in treatments given to patients in either group were independently determined by the treating physicians who were dealing with all patients in a blind basis concerning this study grouping and interventions. The types of hypoglycemic medicines at end of study were compared to those at baseline in both groups including doses and modalities of action. Except if instructed by their care givers, patients were told not to change their dietary or lifestyle habits during study period. Three patients of iron depletion group and one patient from control group reported mild increases in amount of exercises. Four patients from iron depletion group reported dietary modification in the form of less carbohydrate restriction. Between group differences of HbA1c (−2.64, 95% CI −3.23 to 2.04, p < 0.001) and HOMA-IR (−0.68, 95% CI −0.98 to −0.37, p < 0.001) showed significant decrease in iron depletion group at end of study compared to the control group (Table 1; Figure 1) , with 3 patients of iron depletion group showing HbA1c levels less than 7%. No significant difference was observed in BMI (p = 0.127). SBP showed no significant difference among groups (p = 0.199), while DBP was significantly decreased in iron depletion group compared to control group (difference −5.1, 95% CI −8.3 to 2.0, p = 0.002). DBP in control group showed significant increase in paired comparison (p = 0.04). HDL-C was significantly increased in iron depletion group (difference 10.4, 95% CI 7.64 to 13.14, p < 0.001) while TG and LDL-C were significantly decreased (p = 0.002, p < 0.001 respectively) compared to control group ( Table 2) .
No significant difference in the baseline numbers of hypoglycemic medicines among study groups (p = 0.895), while significant difference was shown at end of study (p < 0.001). All study patients were receiving 3 or more medicines to control glucose at baseline while 16 patients (66.7%) of iron depletion group were receiving 1 or 2 medicines at end of study versus none of the control group (Table 3) . HbA1c levels showed significant positive correlations with ferritin in both groups at baseline and end of study (r > 0.53, p < 0.007), while HbA1c at end of study was negatively correlated with delta change of ferritin in iron depletion group (r = −0.68, p = 0.001). End of study HOMA-IR showed significant correlations with ferritin and HbA1c (r = 0.57, 0.57; p 0.028, 0.027, respectively) in control group, and significant negative correlation with delta change of HbA1c in iron depletion group (r = −0.62, p = 0.001). SBP was significantly correlated with ferritin and HbA1c at baseline and end of study in iron depletion group (r > 0.48, p < 0.017), but insignificantly correlated in control group (r < 0.46, p > 0.068). DBP was significantly correlated with both ferritin and HbA1c in both groups at baseline and end of study (r > 0.49, p < 0.047).
In this study, both groups were matched in age (43.8 ± 10.7 years for iron depletion group, 44.3 ± 6.9 years for control) and sex. 20% of iron depletion group patients were heterozygous for C282Y HFE-gene mutation compared to 20.8% of control group ( Table 3 ) while none of both groups were heterozygous for H63D HFEgene mutation.
Discussion
Reduction of iron-via phlebotomy-resulted in significant decreases of HbA1c, HOMA-IR, and DBP, significant 
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improvement of lipid profile, and significant reduction of the numbers of hypoglycemic medicines taken to control diabetes. SBP and BMI showed no significant changes. Changes in HbA1c after de-ironing were correlated with decrease in ferritin while post de-ironing decrease in HOMA-IR showed significant correlation with changes in HbA1c. Several studies had examined the effects of phlebotomy on glycemic state in patients with genetic hemochromatosis or non-genetic iron overload who had DM, MS, or nonalcoholic fatty liver disease [12] [17] [20] . The baseline finding in HOMA-IR, BMI, DBP, SBP, TG, LDL-C, and HDL-C in this study groups before iron depletion represent either features of MS in diabetic patients and/ or concomitant genetic predisposition. However, iron overload was reported to be related to insulin resistance, hypertension, hypercholesterolemia, hypertriglyceridemia, increased LDL oxidation with decreased catabolism and inversely related to HDL-C [17] [21].
Iron overload was reported to impair the mechanism of vasodilatation via iron-mediated oxidative stress that may modulate vascular tone [22] , accelerate the development of atherosclerosis [23] , and enhance vascular smooth muscle cell proliferation [5] . Furthermore, hepcidin was shown to be correlated with vascular damage [24] . In the present study, SBP showed no significant improvement after iron depletion, while DBP was significantly lowered in the iron depletion group. However, earlier studies showed different degrees of improvement regarding SBP, in response to iron depletion, in hypertensive patients with different conditions: with resistance to triple antihypertensive medications [25] , hypertension with renal transplant and erythrocytosis [26] , and MS [17] . The duration of those studies ranged from 2 to 6 weeks which were shorter than our study. The shortened studies durations may explain the discrepancy in the results as changes occurring over shorter durations can be related to hemodynamic or hematologic consequences of phlebotomy as volume reduction, or decreased viscosity. DBP is mainly a reflection of vessel wall function and pathology, and, thus, its improvement may be referred to hindrance of the inflammatory process.
Hyperinsulinemia increases iron uptake by fat cells, exposes transferrin receptors on cell surface, and increases ferritin synthesis. The resulting iron overload causes hepatocyte damage, oxidative stress, increased cytokine release, altered hepcidin production, insulin resistance, and hepatic steatosis [27] - [29] , initiating and perpetuating a vicious circle of iron overload and impaired glycemic control. However, it had been shown that the diabetes risk with high iron is related to increases in dietary iron not inflammatory process [30] particularly readily absorbable heme iron than nonheme iron [2] [11] . This later finding is supported by the non-causality effect of inflammatory stress marker C-reactive protein (CRP) in MS patients on the association of ferritin with diabetes [31] . That's to say, high iron is the cause not the product of diabetes.
The finding of significant decrease of HbA1c after de-ironing and significant reduction of numbers of medications used for control of blood glucose could be explained by the favorable modulation of the above mentioned biological interactive mechanisms with subsequent improvement in insulin sensitivity and /or improvement in β-cell dysfunction as shown by significant post de-ironing reductions in HOMA-IR.
Reducing the number of medications was commenced upon occurrence of hypoglycemia or hypoglycemic symptoms. Because it is a remote possibility for hypoglycemia to occur in these poorly controlled diabetics as a result of treatment modifications, such as increasing doses of medicines, shifting to medication with different modality of action, or improved compliance to treatment in previously non-compliant patients, this fortifies the beneficial effect of iron depletion on glycemic control.
The differences in lipid profile after iron depletion as evidenced by the decreased levels of LDL-C and TG, and significant increase in HDL-C can be explained by improved insulin sensitivity and the favorable reduction in the dyslipidemic effect of iron overload.
Despite the fact that HbA1c is significantly lower in the iron depletion group after phlebotomy, it was still higher than the desired target levels except for 3 patients. This signifies that iron depletion is merely one of many other factors to be considered for optimal glycemic control, and long-term observational studies are needed to explore this issue.
Our results are in line with previous studies for HOMA-IR in patients with non alcoholic fatty liver disease and hyperferritinemia [18] , increased insulin sensitivity and secretion with concomitant decline in fasting blood glucose in diabetic patients with iron overload [12] [32] .
Recent studies showed that the value of de-ironing surpasses the proposed benefit of better glycemic control to the reduction of diabetes complications and overall mortality. These complications can't be controlled even by intensive glycemic control with multiple drugs including insulin that haven't been shown to prevent the pathogenesis of diabetes complications. However, Trial to Access Chelation Therapy (TACT) reported reduction of the risk for total mortality and cardiovascular complications with EDTA chelation therapy [33] - [35] . However, large scale studies are needed before recommending it as an acceptable modality of treatment in diabetics with iron overload. The potential remarkable impact of phlebotomy, as therapeutic intervention, is expected to reduce health care costs in these patients as phlebotomy is easy to perform, low-in-cost, safe, with no side effects and represents one of the potentially effective interventions for iron overload [36] .
This study has certain limitations: 1) the study grouping was not effectively randomized so there is a possibility of non-measurable effects on study outcomes, 2) probability of genetic origin of iron overload can't be totally excluded as 20% of study subjects were heterozygous for C282Y and some other rare mutations were not tested, 3) long term observational studies are needed to explore the effects of iron depletion and the possibility of reaccumulation of iron with the need for phlebotomy or blood donations regularly, and 4) the causes of iron overload were not investigated in study subjects.
Conclusion
It is concluded from this study that there is a subgroup of T2DM with iron overload which can benefit from therapeutic phlebotomy in terms of increased hypoglycemic treatment efficiency, better lipid and BP control. Phlebotomy is a very safe, cheap and non-chemical potential adjuvant in treatment of poorly controlled diabetics. Serum ferritin may be added to the routine work-up of diabetics. Further studies are needed to clarify the prevalence of iron overload in a community-based or clinical setting-based research in diabetes clinics. The economic impacts of this study are great as the reduction of medications greatly saves treatment expenses. Furthermore, encouraging blood donation behavior in our population imparts manyfold benefits to community.
